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As wind turbines get larger, worrics have emerged that the turbine noise would move down in fre-
quency and that the low-frequency poise would cause annoyance for the neighbors. The noise emis-
sion from 48 wind furbines with nominal electric power up 1o 3.6 MW is analyzed and discussed,
The relative amount of low-frecuency noise is higher for large turbines (2.3-3.6 MW) than for
small tarbines (< 2 MW). and the difference is statistically significant, The difference can also be
expressed as & dowmward shift of the spectrum of approximately one-third of an octave, A further
shift of similar size is suggested for future turbines in the 10-MW rangs. Due to the air absorption,
the higher low-frequency conient becomes even more pronounced, when sound pressure levels in
relevant neighbor distances are considered. Even when A-weighted levels are considered, a sub-
stantial part of the noiss is at low frequencies, and for several of the investigated large turhines, the
one-third-octave band with the highest level is at or below 250 Hz, I is thus beyond any doubt that
the ow-frequency part of the spectrum plays an important role in the noise at, the neighbors.
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L INTRODUCTION

Wind turbines get larger and larger, and worries have
emerged that the noise emitied by the turbines would conse-
guently move down in frequency and that the comtent of
low-frequency and infrasonic noise would increase and reach
a level, where it may be annoying for the aeighbors. The
daily press frequently reports on rumbling and ammoying
noise from large wind turbines, and it is often clabmed that it
propagates guite far, However, the scientific lserature on
infrasonic and low-frequency noise from large wind turbines
is more Limited.

A. Low-frequency sound and infrassund

A few introductory words about low-frequency sound
and infrasound are appropriate. For a more comprehensive
review of huwman hearing at low and infrasonic frequencies,
see, e.g., Ref. 1.

It is usually understood that the Jower limit of the
human heazing is around 20 Hz, and the terms infrasound
and infrasonic are used with frequencies below this fre-
quency. The frequency range 20-200 Hz denotes the low-
frequency range {soretimes with a slightly different upper
Hmpit).

However, as a surprise t0 many people, the hearing does
not stop at 20 Hez, If the level is spfficiently high, humans
can hear infrasound at least down to 1 or 2 Hz. The sound is
perceived through the ears, but the subjective quality differs
from that of sound at higher frequencies. .Bellow 20 Hrz, the
tonal sensation disappears, the sound becomes discontinuons
i character, and a sensation of pressure at the eardrums
occurs, At & few hertz, the sensation tums into discontinuous
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separate puifs, and it is possible to follow and count the sin-
gle cycles of a tone.

At low and particalarly infrasonic frequencies, the loud-
ness increases more steeply above the bearing threshold than
at kigher freguencies,”™ and 2 sound moderately above
hreshold may be perceived not only loud but also annoy-
ing.>” Since there is & natural spread in hearing thresholds, a
saun{i that is inaudible or soft {0 some people may be loud
and annoying to others. Low-frequency noise above the hear-
ing threshold may also affect task performance’” and cause
sleep disturbances.’’ There is no reliable evidence of physio-
logical or psychological effects from infrasound or low-fre-
quency sound below the hearing threshold (see, e.g., Ref. 12}

Infrasound is measured with the G-weighting curve.
which covers the frequency range 1-20 Hz. At the normal
hearing threshold for pure tones*™* " the G-weighted
level is in the order of 95-100 dB. G-weighted sound pres-
sure levels below 90 dB™* or 85 dB™® wre normally not con-
sidered to be detectable by humans,

B. Previous studies

Many studies deal theoretically with generating mecha-
nisms of low-freguency noise in wind turbines, whereas origi-
nal information on low-frequency noise from complete wind
turbines is more imited. In the following, only horizontal-axis
turbines are considered.

Bubbard and Shepherd™®™ reviewed the literature on
wind turbine noise especially emphasizing studies carried
out at NASA for more than two decades and comprising tur-
bines up to 4.2 MW, |t was observed and explained by nu-
merical models that harmonics of the blade-passage
frequency arise from differences in the inflow wind velocity
across the rotor area and, for turbines with the rotor down-
wind of the fower, from impulses created by the passage of
the blades through the wake of the tower. In particular, the
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latter mechanism is responsible for high levels of discrete-
frequency noise in the infrasonic and low-frequency region
for downwind turhines, Alsc “broadband” (stochastic or con-
tinuous-specirum) noise is generated at low and infrasonic
frequencies due to turbulence in the inflow. Inflow turbu-
lence is the main reason for broadband noise below some
hundred hertz. Propagation of sound from the turbines was
also studied, and it was observed and explained by atmos-
pheric refraction that downwind propagation of low frequen-
cies (exemplified with 8-16 Hz) was cylindrical from a
certain distance rather than spherical as normally assumed in
noise prediction. This means that the level decreases by 3 dB
per doubling of distance rather than & dB. Room resonances
and low sound insulation of houses at low frequencies were
used to explain that wind turbine noise Is sometimes per-
ceived more readily indoors than cutdoors. The infrasonic
part of the spectriun was below the normal hearing thresheld
in all investigated cases of complainis, but it was said to
cause perceptible vibrations and rattling of windows and
wall-mounted objects, which contributed to negative reac-
tions to wind tarbine noise. Using some of the same mirbines
as examples, Guidati ez al.** showed that the interaction of
the blades with the tower also creates impulsive infrasonic
and low-frequency noise for upwind turbines, however, con-
siderably less than for downwind turbines.

Legerton et al.”* measured noise from two 450 kW tar-
bines at z distance of 100 m. The levels reported for the one-
third-octave bands up to 20 Hz are much below the nornal
hearing threshold for pure tones, while the levels in the 31.5-
Hz band are just below the threshold.

Betke et al” and Betke and Remmers® presented a
technique to reduce wind noise in measwmremenss of Jow-fre-
quency noise from wind turbines. They used two micro-
rhones mourtted in the ground with a distance of 10 m and a
cross-correlation technigue, At a distance of 200 m from a
500 kW wind tmrbine, the frequency spectrom seemed to be
continnons when calculated with a very fine frequency reso-
tution, however, with peaks a the blade-passage frequency
and its harmonic, The G-weighted sound presswe level at
this distance was 63.9 dB.

Jakobsen® reviewed data from the stndies mentioned in
the previous three paragraphs and sought further information
in original measurement reports and by contact fo the
authors, He estimated the G-weighied levels for ten turbines
in the range 50 kW-4.2 MW and found that levels fom
upwind turbines were around 70 dB or lower at a distance of
100 m, whereas levels from downwind turbines were about
10-30 dB higher, It was concluded that, even close to
upwind turbines, indeors as well as outdoors, the G-weighted
level would be below the limit of 85 dB given in the Danish
guidelines for low-frequency and infrasonic noise’® (sum-
marized in English by Jakobsen®). For downwind mugbines,
this limit might be exceeded at distances up to several hun-
dred meters. On the other hand, levels of infrasound even
from downwind turbines were too low to explain complaints
reported in the original studies at distances upto 2 kat, In an
attempt fo find an alternative explanation, Jakobsen esti-
mated the indoor A-weighted levels for the 10-160 Hz fre-
quency range, a measure used by the Danish guidelines for
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the low-frequency range. The recommended eveningfnight
limit of 20 dB for dwellirigs was excesded in all cases but
one. On the other hand, in those cases, normal ouidoor
A-weighted levels were alse high enough to explain the
complaints (47-61 dB), so it is not possible to tell, if the
compiaints were caused by the nommal noise or the low-fre-
‘quency noise. (Jakobsen erroneously referred to the Danish
evening/might Hmit as 25 dB.)

Van den Berg® noted that the blade passage in front of
the turbine tower gives rise to noise in the infrasonic range,

. but more important, to modulation of noise at higher fre-

guencies perceived as swishing. In a swable atmosphere,
which often exists at night, the difference in wind speed
between top and bottom. of the rotor is moch higher than at
other times, and this increases the modulation and changes
the swishes to “clapping, beating, or thumping.” For a wind
farm with 17 wrbines of each 2 MW, this was heard clearly
at distances at jeast up to 1 km. Measuremenis were made at
night, 100 m from each of two of the turhines as well as 750
m from the nearest row of ten furbines. One-third-octave-
band levels ap to 20 Hz were much below the sormal hear-
ing threshold, even for the closest measurements. Levels
were above the mormal hearing threshold [ISO 389-7
(Ref. 28)] from 31.5 to 40 Hz and up, even at 750 m.
Pedersen and Mgller®® analyzed indoor low-frequency
and infrasonic noise in four houses near one or more wind
tarbines (0.6-2.75 MW) with distances to the closest turbine
of 90-325 m. There were no audible harmonics of the blade-
passage frequency, but andible components existed in the
low-frequency rangs, in several cases with some amount of
tonal characier. G-weiglted levels were 65 dB or lower, Le.,
much below the normal hearing threshold, and it was con-
cluded that infrasound would not give rise to nuisances.
A-~weighted levels for the 10-160 Hz frequency rangs were
around or below the Danish evening/might limit for dwell-
ings of 20 dB.™® The highest levels observed were with a low
wind speed (6.6 m/s) but closer to a twbine than people
would normally Bive (90 m) or further away (325 m) in the
only measurement that was made at a higher wind speed (9.4
m/s}. The measurements were made according to the methed
in the Danish guwidelines, however, without a complainant to
appoint measurement positions, where the noise was londest,
which is important in the method.’® Measwements were not
in general corrected for background noise, but substantial
effort was undertaken to analyze only periods without distur-
bances. Additional measurements in two of the houses sug-
gested that people might be exposed to higher levels at other
places in the room than measured with the official method,

_the study was inconclusive regarding the low-frequency

noise and was part of the motivation for the present project.
The Hayes Mckenzie Partnership Ltd. consuitancy™
measured infrasound at a distance of 360 m downwind from
a wind farm with twelve 1.65 MW turbines. With wind
speeds up 10 20 mfs, G-weighted levels were up to 80 4B, In
another part of the study, low-frequency noise was measured
in three houses, whete the inhabitants had complained of
low-frequency noise from wind farms with 316 turbines.
Turbine size and distance to the wind farm were only
reported for one of the cases (three 1.3 MW mrhines,
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distance 1030 m). It was concluded that, for the 10-160 Hz
range, levels are below the criteria proposed by Moorhouse
et ol 1% for the UK Department for Environment, Food,
and Rural Affairs (DEFRA), as well as the Danish 20-dB cri-
terion.’® Nevertheless. the data show that both limits were
indeed exceeded in two of the ihree houses. In cme house,
this happened cccasionally until the microphone was moved
to another position i the room, It was argued that, in the fixst
position, the microphone picked up sound from a nearby
stream rather than from the turbines. The present avthors are
skeptical abowt the idea that moving of the microphone
within the same room would reduce low-frequency sound
and infrasound from the strearn but not from the wind tur-
bines. Both the UK and the Danish guidelines specify the
noise to be meastued, where it is loudest, and it is not pogsi-
ble to verify from the data, whether the sound in the first
position (or both positions) wag domdnated by sound from
the stream, In the second house, comaplaints were only
reported two times during the measurement period, and both
the UK and the Danish limits were exceeded at one of these
occasions. A window was open at both occasions, and it was
said that both sets of gridelines require windows 1o be closed
during measureinents. This is not correct, though. The UK
documents do not have instructions on window settings dvr-
ing measurements but require extensive questioning of the
annoyed person about conditions during annoyance, and it is
logical 1o assume that measurernents should be carried out
under the same conditions. The Danish guidelines note spe-
cifically tiiat measurements should be made with open win-
dows, if the complainant finds that the noise is louder in this
condition.

Jakobsen™ used the apparent sound power (mainly at §

_m/s) from ten turhines in the 8530 kW-3 MW range to calcu-

late sound pressure levels at distances of 200300 m. Outdoor
and indoor A-weighted levels for the 10-160 Hz frequency

range were derived; the indoor levels were derived by means

of sound insulation data used in the Panish regulation for
Jow-frequency noise from high-speed ferries™ It was con-
cluded that indoor A-weighted levels for the 10-160 Hz range
would not exceed the Danish 20-dB evening/night limit,'®
unless the outdoor A-weighted level for the full frequency
tange exceeds 45 dB. However, this is not what the data

show. With an outdoor level just below 45 B, indoor levels

are above 20 dB in approximately haf of the calculated cases.
1t was argued that insulation measurements of town houses
(urvpublished data) had shown better sound insulation than the
buildings used in the background material for the regulation

~ of noise from high-speed ferries.”

Lee er ¢/ and Jung er ¢l.’’ measured noise from two

upwind turbines of respectively 660 kW and 1.5 MW, The
A-weighted noise increased with wind speed for the 1.3 MW
turbine, whereas it was fairly constant over most of the oper-
aring range for the 660 kW turbine. The two turbines were
respectively stall and pitch comtrolled, and the lack of
increase in A-weighted noise at higher wind speeds was said
to be typical for pitch-controlled turbines and o be one rea-
son for favoring this type of control with large mirbines. The
infrasonic freguency range was dominated by the blade-pas-
sage frequency and its harmonics, and the level increased
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with increasing wind speed for both turbines. Worries were
expressed that infrasound and low-frequency noise would
become a problem with modern turbines, where the pitch
conirol limits the A-weighted noise bat not the low-fre-
guency and infrasonic noise. I was concluded that the low-

* frequency part of the noise from both turbines is audible for
an average person and would probably lead to complaints,
and that the infrasonic part might cause complainis due to
rattling noise, e.g., from windows. The distance to the tur-
bines for this conclusion was nof reported, but it can be
derived from ofher daia in the article that it must have been
guite ¢lose, in the order of 70-100 m.

Gastmefer and Howe™ measared the indoor noise at a
distance of 325 m from the closest of several 1.8 MW twr-
bines, The wind speed was 3 my/s. The level was said to be at
least 30 dB below the normal hearing threshold (from Wata-
nabe and Moller'”} at all frequenciss below 20 Tz The fig-
ure in the article erroneotisly compared narrow-band levels
with pure-tone hearing thresholds, bat the presenr authors
estimate that there is nevertheless a fair margin up 1o the
threshoid, ‘

' Ramakrishnan® measured noise close to a single 660-
kW turbine and close to a single tugbine in a wind farm with
more than 50 turbines of each 1.5 MW. G-weighted levels
were around 70 dB in both cases.

Harrison™ noted that since inflow turbalence is essential
for Jow-frequency noise emission, more focus should be on
control of turbulence during measurements and predictions.
A specific issue is that turbulence is ncreased in the wake of
wind twbines, and this is not taken into account during
meastrements of noise emission, which are made with single
turbines. Bartheimie ef al,* showed that turbulence is mark-
edly increased at distances up to at Jeast four times the rotor
diameter. Wake turbulence may thus be important for the
emission of Jow-frequency noise from wind pazks.

1. Summary of previous studies

The above studies have used a variety of methods, and
most data cannot be compared directly. None of the studies
investigated systematically the development of low-fre-
quency and infrasonic noise with turbine size. Some of the
studies lack basic imformation such as information on the twr-
bine(s), measurement distance, direction and height, wind
speed, analysis bandwidth, background noise, sound insula-
tiop, when indoor measurements were made, ofc, Neverthe-
less, it seems possible to make gome conclusions.

The passage of the biades through areas of varying wind
speed and density modulates the sound at higher frequencies
with the blade-passage frequency but also creatss infrasonic
and low-frequency components. The differences in wind
speed and density siem from the varying height above
ground, atmospheric furbulence, and the presence of the tur-
bine tower, Noise from the turbine mechanics may also play
a role. The modulation of sound at higher frequencies may,
due to the low modulation frequency, erroneously be inter-
preted as infrasound.

For upwind torbines, the level of infrasound is much
below the normal hearing threshold, even close to the
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turbine. On downwind turbines, the passage of the blndes
through the wake of the tower generates infrasound that may
exceed the normal hearing threshold close to the turbine and
possibly cause rattling of, e.g.. windows even in relevant
neighbor distances. Most modern turbines, but not &ll, are
npwind turbines,

For the low-frequency range, resalts are less conclusive.
Indications diverge between studies, and it is not possible
from the above to conclude, to which extent low-frequency
noise from wind tarbines is responsible for nuisances. The
answer likely depends on turbine, distance, atmospheric con-
ditions, being indoors or outdoors, ete,

At this place, it is appropriate to mention that, in addi-
fion to original studies, a substantial amount of summaries,
reviews, white books, information folders, web pages, etc.
exist on low-frequency noise and infrasound from wind fur-
bines. Many of these have been made by organizations work-
ing keenly against or in favor of wind turbines, and
unfortunately, many expositions are of doubtful quality, At
some places, a variety of effects and symptoms are reported
to be due o infrasound or low-frequency scund without any
evidence of the causal relationship. Infrasound and low-fre-
guency sound are often not properly distinguished, and, as a
pecaliar. consequence, low-frequency noise is frequently
rejected as the cause of nuisances, just because infrasound
can be discarded (psually rightfully as seen in the above).
Infrasound is (still) often claimed inaudible, and sometimes
even low-frequency noise, or it is reporied that both can only
be heard by especially sensitive people—uwhich is all wrong.
Weighting curves are misunderstood or (mis)used to give the
impression of dramatically high or negligibly low levels.
Sometimes, political utterances (from both sides) are dis-
guised as scientific contributions.

C. Outline of study

The present project was carried out in cooperation with
Delta, a consultancy and official acoustics laboratory for the
Danish enviropmental protection agency. Noise from four
lerge turbines was measured, noise data for 44 other small
and large turbines were aggregated, and low-freguency

"sound insulation to exterior sound was measured for ten
rooms in pormal lving houses. Measurements and data
aggregation were carried out by Delta, ™ In this article,
the data from the project are used to examine the connection
between emitted sound power and turbine size. Source spec-
tra are anatyzed and discussed, and, in particular, the hypoth-
esis that the specirum moves toward lower frequencies for
increasing turbine size is investigated. Qutdoor and indoor
spectra at relevant neighbor distances are mmalyzed and
discussed,

il. METHODS
A. Wind turbines

Forty-eight wind turbines were included in the project.
Four prototype urbines with nominal electric power above 2
MW were measured by Delta as part of the project (turbines
1-4), while data for seven other turbines above 2 MW were
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taken from measurements made by Delta outside the project
(turbines 5-11).%* Data for 37 turbines with nominal
-power at or below 2 MW were taken from previous measure-
ments made by Delta.* Among the small tubines, a fow
physical turbines appear more than once, representing the
turbine measured at different occasions. All Lurbines were
three-bladed with the rotor placed at the upwind side of the
tower.

B. Emitled sound power

- The sound power emitted from the turbines was meas-
ared in accordance with IBC 61400-11.% The principle of
this standard is to measure the sound on a reflecting board
placed on the ground beneath the turbine at a horizontal dis-
tance approximately equal to the turbine's total height. The
measured sound pressure level is converted fo the sound
power level of an imaginary point source at the rotor center
that would radiate the same sound in the direction, where the
measurement is made. The result is denoted as the apparent
sound power level, where "apparemt” emphasizes that it is
not the tmie sound power but the power as “seen” in the
measured direction,

Apparent sound power level was determined for one-
third-octave bande and as twtal A-weighted level, Lya. In
addition, a special low-frequency measure, Ly p, the appa-
rent A-weighted sound power level for the one-third-octave
bands 10-160 Hz was derived. A-weighted sound pressare
levels for this frequency range, Loarp, are used by the Dan-
ish guidelines for low-frequency noise. '

Data were obtained for all turbines in the downwind
direction, denoted the reference direction, at 2 wind speed of
8 m/s (10 m above ground). This wind speed is often used in
noise regulations, and most analyses in the present article are
made for this, Turbines 1-4 were also measured at various
other wind speeds, For evaluation of the content of pure
tones, tonal audibility, AL, was determined for surbines
i~4, ané to get some insight into a possible directional
pattern of the sound radiation, turbines 1-3 were measured
at =607 to the sides of the reference direction and in the
upwind direction, still at the ground. All turbines were meas-
ured in the required frequency range of the standard, 50 Hz
0 10 kHz, and most turbines were measured down to 31.5 or
25 Hz. Turbines 1-4 were measured down to 4 Hz.

€. Qutdoor sound préssure levels at neighbors

Free-field sound pressure levels, Lo for downwind
neighbor positions were calculated according 1o the method
given by ISO 9613-2,% except that one-third-octave bands
were used instead of octave bands.

The direction to neighbors is more horizontal than the
direction, in which the apparent spund power level was
measured, bat in lack of more precise information, the sound
power level pius directivity factor, Lw -+ D¢, was replaced
by the apparent sound power level, Ly, for the reference
direction. The attenuation due to atmospheric abserption,
Aam, was calerlated using data from ISQ 9613-1% for 10 °C
and a relative humidity of 80 %, The “attenuation” due 1o
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groand effects, A, was set to —1.5 dB, menmning that 1.5dB
is added to the direct sound from the twbine. The two
remaining terms of IS0 9613--2 (attenuation due 1o a barrier
Ay and to miscellaneous A,,;,.) were set to zero. If the slant
distence from rotor center to the observation point is denoted
a5 J and the attenuation constant s &

d .
Ly =Ly —20 dB-log,q (E) —11dB—a-d+1.5dB. (1)

This calculation corresponds to the one used in the Danisi
regulation of noise for wind turbines,”

D. Sound insulation

In order to allow caleslation of low-frequency noise
indoors, the low-frequency sound insulation was measured
for ten rooms, two rooms in each of five normal liviag
houses,*

The house was exposed 1o sound from 2 loudspeaker
placed on the ground and directed toward the facade of the
house at a horizontal angle of incidence around 45° at the
center of the facade. The perpendicular distance from the
loudspeaker to the wall was at least 3 1. The loudspeaker
was supplied with broadband noise, low-pass-filtered at 250
Hz and equalized to compensate for the loudspeaker
response. Oneedoor sound pressure levels were measured at
the facade at a vertical level approximaiely 1.5 m above the
floor level of the receiving room. Free-field sound pressure
fevels were obtained by subtraciing 6 dB from the measured
levels, The outdoor setp and measurements share elements
with the various methods of ISO 140-5,"" but no single
method is complied with as a whole.

At low frequencies, indoor levels may vary considerably
within & roon, and there is a general anderstanding that, for
agsessment of noise impact, measured levels should reflect
high-level areas rather than the room average (see, e.g.,
Refs. 51-53). To fulfill this, indoor sound pressure levels
were obtained as the power average of measurernents in four
arbifrary three-dimensional (3D) comers, Le., where the floor
or ceiling mests two walls. Comers close to possible concen-
trated transmission paths (e.g., ventilation ducts, windows,
or doors) were avoided, though, and the selected coraers
were to represent all sarfaces. Pedersen et &l have shown
that this method gives 2 good estimate of the level that is
exceeded in 10 % of the room, i.e.. close to the room maxi-
mum, but avoiding levels that only exist in a small past of
the room.

The suitability of the 3D-corner method to estimate the
maxium level that people would nonmally be exposed 1o in
& roora is supported by dara from Brunskog and Jacobsen,™
who simuiated 100 room/ffrequency combinations, each with
two different reverberation times. They found that the 3D-
corner method hits quite centrally a target defined as the
wmaxirun level of the room, excluding positions closer 10
the walls than | m {mean error below 1 dB, standard devia-
tion of the error 3-4 dB depending on reverberation time).

The sound insulation was measured for one-third-octave
bands in the frequency range 8-200 Hz, and it was calcn-
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lated as the difference between outdeor free-field sownd
pressure Jevel and indoor sound pressure level.

Additional indoor measurements were made inn an
attempt to use a method given by the Danish guidelines for
low-frequency noise.’® The method specifies two measure-
ments in areas of the room, where persons would be exposed
to sound during normal use of the room (with certain geo-
metrical restrictions) and one measurenient tear a room CoT-
ner (0.5-1.0 m from the walls, 1.0-1.3 m above the floor),
Measuremenis were carried out in positions complying with
this. However, the method is meant for use in cases of noise
complaints, and the two non-corner positions should be posi-
tions, where the complainant perceives the noise as being .
loudest. Without a complainant and without the actual
annoying noise, it was not possible fo fulfill this. Therefore,
even when the geometrical conditions of the method were
fudfilled, the measwrements did not comply with the method
as a whole, and the results are not reported. It must be con-
cluded that the method is unsuitzble for measurements of
sound insulation, unless some kind of search for maximum
level is added to the procedure. :

E. Indoor sound pressure levels at neighbors

Tndoor sound pressure levels were obtained by subtraci-
ing the sound insulation from the outdoor free-field sound
presswre [evels, both in one-third-octave bands.

F. Statistical methods

Differences were tested in Student’s #~tests. The highest
p-values considered significant and reported ave 0.05. In
two-sample fests, equal variance was not asswmed for the
two samples, thus the Welch’s adaptation of the rtest and
the Welch-Satterthwaite degrees of freedom (d.f.) were
used. One-sided fests were used, whenever the hypothesis
contains a specific direction of the possible difference,
whereas two-sided tests were used clsewhere. As an exam-
ple, the hypothesis that the spectrum moves down in fre-
quency for increasing turbine size implies that the relative
levels for lurge turbines are higher at low frequencies and
lower at high frequencies. Consequently, one-gided fests
were used af low and high frequencies, whereas two-sided
tests were used in the intermediate frequency rangs, chosen
as 3151600 Hz.

HI. RESULTS AND DISCUSSIONS

Three turbines, one at 1650 kW and two at 2.3 MW,
were added to the material at a late stage, and one-third-
octave data are not available for these, thus only Lwa and
Lwarp &re reported. Twenty-hertz high-pass filters had
mfortunately been inserted doring some of the measure-
ments {reference, left, and right directions for turhine 1 and
reference direction For turbine 3}, so, before data processing,
the effect of thiese filters was coumteracted by subtracting the
filter response from the measored levels in the affected fre-
quency range. High-freguency electrical noise from the fre-
quency converter affected some of the rmeasurements at
frequencies above 5 kHz, and data for twrbines 1-4 are

H. M@{Ier'anci C. 8. Pedersen: Low-frequency wind-turbine noise 3731



thiss not reported a1 these frequencies. Some inconsistencies
exist in the data given by Delta in different reports, tables,
and figures. The results in the present article are based on the
least processed data reported, which with few exceptions
means emitted sound power levels i one-third-octave
bands.

A, Emitted sound power
1. Lwa and Lyp p

Figure 1 shows Lw, and Lwarr for all turbines as a
function of turbie stze. The horizontal axis is logarithmic to
match the vertical decibel axis, which is inherently logarith-
mic. Simple power relations between emitted acoustic power
and nominal electric power of the twbine will thus corre-
spond fo straight lines, and regression lines are incleded in
the figure.

It is—not swrprisingly—seen that both Ly and Lywar s
increase with increasing turbine size. It is also noted that
Lawarr iocreases more steeply than Lywa, meaning that the
relative amount of -low-frequency noise increases with
increasing turbine size. The difference in slope of the regres-
sion lnes for all data (thin lines) is statistically significant
{t=3.94, d.f =900, one-sided p< 0.001). Since the four
smallest turbines may not be representative for modern tur-
hines, repression Hnes have also been calculated without
these turbines (bold iines). The slopes are slightly bigher
than with all murbines included, and the difference is smaller
but still statistically significant (¢=1.82, d.f. =79.8, one-
sided p = 0.036).

The relative amount of low-frequency noise can be
expressed a8 Lwarr — Lwa. and a linear regression of this
vields a significant positive slope with all turbines included
(t=35.42, d.f. =46, one-sided p < 0.001) as well as with the
‘four smallest turbines removed (¢ = 2.34, d.f. = 42, one-sided
p=0.007).

It is also seen in Fig. 1 that there is some variation
between turhines of the same size. As mentioned in Sec. IT
A, turbines of the same size may be of the same or different
make and model, or, for 3 few turbines below 2 MW, the
same physical twine measured at different occasions,

110

i00

90

dBre 1 pW

&0

DRSS i i
100 kW MW
Nomina! electric power

70 i
10 kW

FIG. 1. (Color onling} Apparent sound power levels (Lyys #nd Lgars) In
the reference direction as a fanction of turbine size. Wind speed is 8 mis.
Regression lines: &l turbines included (thin lines), four nobines below 450
kW excluded (bold lines). Black-6lled marks aze for turbines Ted,
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FIG. 2. A-weighted apparent sound power levels in one-fhird-octave bands.
Forry-five mrbines with nominal electric power 73 KW-3.6 MW,

2. One-third-octave-band specira

Apparent sound power levels for one-third-octave bands
are shown in Fig. 2.

Regarding the infrasonic part of the spectrum, the
G-weighted"® apparent sound power levels, caleulated from
the levels in the one-third-octave bands up to 20 Hz, are
122128 dB for the four turbines, where data is available,
Even close to the turbines, e.g., in a distance of 150 m from
the rotor center, this will only give G-weighted sommd pres-
sore levels of 69—73 dB, which is far below the normal
threshold of hearing.! This calculation does not account for
possible near-fieid phenomena, e.g., from a closely passing
blade,

dBre LWA

50 L4

i ; ; ; ; ;
126 250 500 1tk 2k 4k 8k
Frequency [Hz)

i

315 63

FIG. 3. Normalized A-weighted apparent sound power levels in one-third-
octave bands, Forty-five turbines with nominal elecitic power 75 KW-3.6
MW. (Normaiized meaning that Ly, for the individual turbine has been
subtracted from all ane-third-octave-bangd levels,}

H. Maller and C. 8, Pedersern: Low-frequency wind-turbine noise

421

Dvwnlosded 17 Jup 2011 to 13021612217, Redistribution sést}j&ct to ABA loense ov copwight; see ?&tt;s:ffesadé.srgf;aamaisia‘ocﬁ%&ﬁuE»hameiéﬁcﬁerms‘jsp




422

Dowrdosded 17 Jun 2011 o 'ES#}.E@ §.12.817. Redistribution sublzat 1o ASA llcense or coppright; see htﬁg:f!aéac%iarg!;aﬁma&sﬁéeciﬁ&%&i_iE~§ema§%n§aﬁez‘m$.§ap

"

dBre LWA

-40

Tizbines 2 MW
Turbinea »2 MW

i I

.5 83

128 250 300 ik 2k
Frequency [Hz]

A4 8k

FIG, 4, {Color online} Normalized A-weighted apparent scund power levels
in one-third-octave hands, means of two groups of nubines: <2 MW and
> 2 MW, Error bars indicate 1 standard ervor of mean.

At frequencies where data are available for all tarbiaes,
the level varies between turbines by 20 dB or more, This 18
to be expected since the turbines cover a wide range of nom-
imal electric power. In order o show possible spectral differ-
ences between turbines more clearly, the one-third-octave-
band evels of all turbines bave been normalized to the indi-
vidual tarbine’s total A-weighted sound power level, Lwa.
The result is shown in Fig. 3.

A possible difference in spectrum between small and
large turbines is investigared by dividing the twrbines into
two groups: turbines up to and including 2 MW and turbines
above 2 MW. Figure 4 shows the mean and the standard
error of mean for each of the two groups.

The spectrum of the large turbines lies clearly lower in
frequency than that of the smaller turbines. The level differ-
erce is significant for all one-third-octave bands in the fre-
quency range 63-250 Hz and at 4 kHz [+=(3.49, 4.52, 2.81,
3.27, 3.49, 2.62, 2.32, —2.10), d.f. = (14.5, 22.1, 17.0, 13.5,
13.6, 23.8, 22.6, 12.5), cne-sided p=¢0.002, <0.001, 0.006,
0.003, 0.002, 0.007, 0.010, (.028)]. If the four smallest tur-
bines are discarded, the difference is significant ar the same

0 : r 1 ; 1 T v
TR VIR
& B0 kb LS R D e ..
& :
@ F] s Turb, 2
] P e Tyrh, 3
B B0 e g < encrs TULD, A |7 ]
e TR, &
gz Turh, §
s Tupph, 7
40+ S Torb, &
F : ~——t—— Turh. 9
¥ ] e Meansmall |} ;
-5 fod ;i I i : i i i ;
315 B3 125 250 500 1k 2k 4k 8k

Fraquency [Hz]
FIG. 5. Normalized A-weighted apparent sound power levels in one-third-

octave bands, mean of 36 turbines < 2 MW {bold line) and 9 individual ur-
bines > 2 MW, ’
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frequencies plus 5 kHz [r=(2.94, 4.09, 2.22, 276, 2.97,

0 1.93, 1.83, —2.07, —1.93), df =117, 18.0, 145, 1L,

116, 18.7, 20,1, 12.9, 11.7), one-sided p = (0.006, <0.0C1,
0.022, (.009, 0.006, 0.035, 0.041, 0.030, 0.039}1

The significant differences hetween small and large tur-
bines are at moderate 1.5--3.2 dB, but as mentioned in the
introduction {Sec. I A), at low fraquencies, even small differ-
ences may affect human perception of the sound. In addition,
if low frequencies have a notable fmpact on requirements of
distance 1o the neighbors, small differences muay have large
impact on the needed distance.

Figure 5 shows the mean of turbines up fo and including
2 MW and individual turbines sbove 2 MW,

The large turbines lie above the mean of the smaller tur-
bines in virtually every single one-third-octave band below
315 Hz. Some of the turbines have a peak in one or more
one-ihisd-octave bands, which may be due fo the presence of
tonal components, Tones are likely to have thelr origin in the
turbine mechanics, ¢.g., the gearbox or secondary equipment
such as a generator cooling sysieon (see e.g., Wagner ef al.™).

At high frequencies, the picture is disturbed by an atypi-
cal pattern above 2 kHe for wrbine 6. There is no other data
available from this turbine, for example, for another wind
speed or apother direction, which could be used to verify
that this is really noise from the turbice and not electrical
noise as with some other wrbines (see introductory remarks
of Sec. I} If turbine 6 is disregarded at these frequencies,
the large turbines lie at or below the mean of small turbines
in virtwally every one-third-octave band above 2 kHz. The
difference between means of the two groups is then signifi-
cant for all one-third-octave bands in the 2.5-10 kHz range
[F=(—1.83, —2.49, -347, —3.18, —2.42, -2.76, —2.64),
df. =(152, 156, 1435, 148, 4.1, 4.6, 6.3), one-sided
p=(0.044, 0012, 0.002, 0.003, 0.036, 0.022, 0.018}].

3. Tonality

The tone analyses show that topes generally vary .in
level and frequency with wind speed. Figure & shows tonal
audibitity for the most prominent tones of turbines 1-4.

Wr——— 777 7 T T T T T T
5F 4
3 of : .
#
s
-5 — T(:rbinﬁ -
: we—e Turblne 2
. e Tirbine 3
- e Tlirting 4
10 NS S S S e s
Q 5 6 7 B & 101112 13 14 16

Wind spead [m/s]

FIG. 6. (Color ontine} Tonal audibitity, ALy, as a function of wind speed
for urbines 1-4, reference direction {turbine color code as in Fig, 51
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Values are below 3-4 dB, except for nubine 3 at high
wind speeds. For turbines 1 and 3, the data apply to a tone
that varies with wind speed around 116-143 Hez, approxi-
mately the same frequency range for both turbines. For tur-
bing 2, the data apply to a tone with a nearly constant
frequency around 40 Hz. Turbine 4 has several tones at higher
freguencies, and those i the frequency rangs 800-1400 Hz
alternately dominate, depending on wind speed, One-third-
octave-band peaks can be identified in Fig. 5 for the two tur-
bines with tonality above 0 dB at 8 m/s (urbine 2, 40 Hz;
turbine 3, 160 Hz}.

IS0 1996-2 (Ref. 50) specifies a tone penalty to be
used, when the tonal audibility exceeds 4 dB. National crite-
ria for tone penalty may vary, e.g, Danish regulation
requires that the tonal andibility exceeds 6.5 dB, before a
penalty is given,”

Only one turbine exceeds the 4 dB limit and only at
high wind speeds, where noise regulation may not apply. &
is guite surprising that not even the most distinct fone in the
one-third-octave-band spectra, the 40-Hz tone of turbine 2,
esults in a tone penalty. This is most likely an effect of the
critical band used for tone assessment being very wids at
low frequencies. It is outside the scope of the present article
to evaluate if the tones will be perceived ag being tonal
despite the lack of tone penalty,

4. Directivity

Figure 7 shows the directivity of the three turbines
measured.

The data differ somewhat between turbines, and it is dif-
ficult to find 2 general pattern. Both higher and lower levels
are seen in other directions than the reference, At the lowest
frequencies, a low directivity would be expected, but this is

not seen in the data. A measured directivity may reflect a -

frue directivity, but if the main noise source is at one side in

16
ok
~jg 4 Turbine 1 |} ; i | H
= Turbine 2
101 = Turbing 3 | | T ! : ! !

i 1 i i i 11 H

126 250 500 1k 2k 4k 8k
Fregquency [Mz]

315 a3

FIG. 7. (Color online) Directivity of turbines 1-3. Wind speed is 8 rofs
except for turbine 2, front, whick was measured at 10 m/s (and conipared to
reference direction at 10 m/s}. Data missing for trbine 2 front at 5 kHz due
o electric soise in the measurement (lurbine color code as inn Fig. 5).
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the rotor plane, e.g., at the down going blade as shown by
Qerlemans and Schepers™ and Oerlemans er ol>° the
measurement in $his side is closer to the source, and a false
indication of directivity may result,

A possibly source of error for the directivity data is that
the weasurements for the various directions do not always
refer 1o the same period. £ach of the other directions was in
fact measured together with the reference direction, but they
were not all measured af the same time. Only one data set
exists for the reference direction, and thus this cannot apply
1o all directions. At low frequencies, poor signal-to-noise ra-
tio may be responsible for large uncertainty.

The direction from the turbine {0 neighbors s typically
more horizontal than the direction to the measurement posi-
tions. In particolar, if sound is radiated from svnchronous
vibrations in blades and/or tower, chances are that the radia-
tion will be more perpendicular to the rotor plane and/or the
tower, 1.e., close (o the horizontal plane. More knowledge is
called for on this issue.

5. Effect of wind speed

Figure § shows Ly, as a function of wind speed for the
four nurbines, where data is available.

The nolse increases with wind speed but levels out or
even decreases above 7-8 m/s. The four wrbines gre all
pitch-controlled, and the cobservation is in line with the
repotts by, e.g., Lee ef al.*® and Jung et al.*’ for pitch-controlled
turbines.

B. Outdoor sound pressure levels at neighbors

For each of the large turbines, the distance needed for
the A-weighted sound pressure level to decrease to 35 dB
was derived. Pedersen and Waye™ have shown that around
this sound pressure level, the percentage of highly annoyed
persons increases above 5%, and the percentage of ammoyed
personis increases above 10% (Pedersen ef «l.%%). Pedersen
and Nielsen™ recommended a minimum distance to neigh-
bors so that the wind wrbine noise would be below 33-38
dB. A limit of 35 dB is used for wind turbines, e.g., in Swe-
den for quiet areas.” Thus, 35 dB seems as a very reasona-
ble limit for wind twrbine noise. It is .alsc the Hmit that

W
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FIG. 8. {Color online) A-weighted apparent sound power level, Ly, 85 2
function ef wind speed for hubines 1-4 (turbing color code as in Fig, 5).
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TABLE L Key fpures at the distances from a single urbine, where the tojal A-weighted sound pressure level is 35 dB. Distances arc given as slant distance

o Totor center, which. for achzal turbine heights, is close o horizontal distance.

Forbine
t 2 3 4 b 6 7 g 9 Mean small
Distance {m} 629 647 875 822 &§79 758 713 1227 1144 ) 453
Lpa (dB) 33.0 as.0 350 350 35.0 35.0 350 350 35.0 35.0
LoaLre (dB) 28.8 26.7 289 2.6 28.0 201 26.8 210 7.0 24.8
Loarr-Lpa {38} —6.2 ~8.3 6.1 74 -7.0 -39 —8.2 —~8.0 ~8.0 —10.2
Ly {dB) 59.1 545 550 58.0

applies in Denmark in open residential areas {night) and rec-
reational areas {evening, night, and weekend) for industrial
noise™ (but not for wind turbine noise™),

Tahle I shows the distances for the individual tuwhines
as well as various key fipures at the 35-dB distances.

“The minimum distance, where a 33-dB [imit is complied
with, varies considerably between the large forbines. even
when the turbines are relatively egual in size (2.3-3.6 MW).
The distance varies from slightly over 600 m to more than
1200 m.

The one-third-octave-band spectra at the same distances
are shown in Fig. 9. ‘

At these distances, the air absorption plays-a role. It
affects mainly the high frequencies, and the result is that the
shift of the spectrum iowards lower frequencies becomes
sven more pronounced than for the source spectrum (com-
pare with Fig. 5).

It is important to note that, for several turbines, the high-
est level for a one-third-octave-band 1s at 250 Hz or lower,
even when A-weighted levels are regarded (Fig. 9. It is thus
beyond any doubt that the low-frequency part of the spec-
trum plays an important role in the noise at the neighbors
and that the low-frequency sound must be treated seriously
in the assessment of noise from large $urbines.

In many cases, A-weighted outdoor levels in excess of
35 dB are allowed. As an example, for houses outside ofii-
cial restdential or recreational areas, Danish regulation
allows 44 dB.* For visual reasons, the Danish regulation
has a setback distance for dweilings of four times the toial

T T

B
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dB re 20 iPa
=
T

: : i ; : AT
128 280 500 1tk 2k 4k BK
Frequency [Hz}

3t1.5 &3

FIG. 9, A-weighted ope-third-octave-band sound pressare Jevels af the dis-
tance from a single turbine, where the total A-weighted sound pressure level
is 35 dB (see Tebie I and turbine color code as in Fig. 3).
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furbine height, and at this distance, the level is often below
44 dB for a single wrbine, However, 44 dB may certainly
occur further away than four times the turbine height, when
there are several furbines together in wind fanms. Table I
lists distances to small wind farms, where the A-weighted
sound pressure Jevel is 44 4B, as well as various key figures
at those distances.

C. Sound insulation

During the measurements, there were severe problems
with background noise at the thres lowest frequencies.
Eighteen measurements with a signal-to-noise ratio below
1.3 dB were discarded. Consequently, seven room/fre-
quency combinations had to be derived from measurements
in only two or three 3D corners. Two room/frequency com-
binations with measurements from only one 3D corner were
not caleulated, Figure 10 shows the sound insulation for the
{e11 TOOTS.

For the frequencies 63-200 Hz, with few exceptions,
the rooms have 10-20 dB sound insulation. Toward lower
frequencies, the ipsulation decreases, while the variation
berween rooms becomes larger. Sore rooms show very Lit-
tle or even negative insulation ar certain frequencies. A
single toom has unusually bigh insulation in the 16-31.5
Hz range. This room was a small recom used for storage of
furniture and other goods. The room is thus not considered
a typical living room, and its data are discarded in further
calculations. ’

. Be aware that, for each one-third-octave band, the
indoor level refers to the maximum level that people would
nonrally be exposed o in the room (Sec. I D). Thus, in par-
ticular, for the higher end of the frequency range, the insula-
tion data are lower than traditional insulation data employed
for technical purposes, where room average levels are typi-
cally used.

1. Shortcomings of insulation measuraments

A shortcoming with the measurement method used s
that the exposure is focused at the facade of the house. In the
situation of the house being exposed to noise from wind mr-
bines, the whole house, including the roof and, at low fre-
quencies, algo the back of the house, will be exposed to
nearly the same sound. In the measurement sitoation, these
other surfaces receive much less sound due to loudspeaker
directivity, higher distance 1o the loudspeaker, shadowing,
efc.
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TABLE [ Key figures at the distances whese the ot A-weighted sound pressure level is 44 dB. Wind farm with two rows of each six identical turbines, 300
m distance between turbines ia both directions (200 m {or small turbines). Observer point centered at Jong side. Distances are given as slant distance to closest

mrhine. :
Turbine

1 2 3 4 5 G 7 8 g Mean smail
Dsgance () 530 346 831 75% 535 679 631 1241 1142 393
Lo (dB) 44.0 44.0 440 44.0 4.0 44.0 4.0 440 44.0 44.0
Lparg (dB) 37.9 359 381 36.8 372 383 38.0 363 36.3 33.9
Lpaveg—Loa (dB) —6.1 —B.1 -39 —~7.2 —6.8 =37 —&.0 =17 -7.7 —-16.1
Log (dB} 68.4 63.9 64.6 67.4

A further problem is that the outdoor free-field sound
pressure level is caleulated by simply subtracting 6 B from
the measwed level ut the facade. Thig assumes that the fa-
cade is large enough to be fotaily reflecting at all frequen-
cies, an assumption which hardly holds at the jowest
frequencies. A better solution might have been to measire
the free-field level from the loudspesker at a place withomt
reflecting surfaces (other than the ground), and have. used
this value in the caleufation. .

The problems with background poise might have been
overcome by using a modern technique that vtilizes the cor-
relation between the owtdoor and indoor signals, e.g., the
maximum-length-sequence (MLS) technique. Aliernatively,
it might have been possible to increase the signal level by
measuring one one-third-cetave band at a time rather than
the whole low-frequency range simultaneonsly.

0. indoor sound pressure levels at neighbors

Figure 11 shows indoor one-third-octave-band levels for
all 81 combinations of 9 turbines and 9 rooms at the distance
with a total A-weighted outdoor sound pressure level of 35
dB. Be aware that the indoor levels estimate the maximum
level that people would normally be exposed to in the room
and not the average leével of the reom (Sec. ILD).

Large differences are seen between turbinefroom combi-
nations. Most of the variance is amributed to differences In
the room sound inselation, except at 63 and 80 Hz, where
both room and turbine contribute egually, Values in the
upper end of the range at 40 Hz are due to high emission
from a single turbine, whereas high values at 200 Hz are due
to low sound insulation of & single room.

83
Frequency [Hz]

FIG. 1. Sound Insulation measured for ten ronms,
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1t is seen from the inserted hearing threshold (dashed
line), that the low-freguency sound will be andible in many
turbinefroom combinations, mainly at the highest of the low
frequencies. The sound will not be very loud, but as men-
tioned in the intoduction, low-frequency sound can be
annoying only slighily above the hearing threshold (Sec, T
A), and some people may be annoyed by the somd.

Figwe 12 shows indoor levels for the situations from
Table II where the A-welghted outdoor sound pressure level
from a wind farm is 44 dB.

Here, there will be audible sound somewhere in all
rooms aad with all trbines. In more than haif of the cases
(48 out of 81), the normal hearing threshold is excesded by
more than 15 dB in one or more one-third-octave bands, and
there is a risk that a substantial part of the residents will be
annoyed by the sound.

For continuous noise, 1o avoid sleep dismrbance, WHO
recommends an indoor Hmit of 30 dB for the A-weighted
sound pressure level,” bur also ootes that, if the noise
includes a large proportion of low-frequency noise, “a sl

40 : : :

20 LT LT

dB re 20 uPa
=]

16 315 €3
Freguency [Hz}

125

230

FIG. I1. Indoor A-weighted ope-third-octave-band sound pressure levels at
the distance from a single turbine, where the total A-weighted oaidoor sound
pressure level js 35 dB (see Table T); 81 turbinefroom combinations, Dashed
ling is hearing threshold according to ISO 389-7 (Ref. 28) (colors indicate
the tarbine, color code as in Hg. 3).
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FIG. 12, Tndoor A-weighted ons-third-octave-band sound pressure levels at
the distance from wind farms, where the total A-weighted cutdoor sound
pressure level is 44 dB (see Table I 81 hwbinefroom combinations.
Dashed line is bearing threshold according to IS0 380-7 (Ref, 2B} (colors
indicate the turbhine, color cede as in Fig. 53

lower guideline value is recommended, because lowfre-
guency nroise .... can disturb rest and sleep even at low
sound pressure levels” How much lower is not stated, but
unless the level above 200 Hz is exceptionally low, the total
A-weighted sound pressure level will obviously exceed, e.g.,
25 dB in many of the cases in Fig. 12.

1. Danish indoor limit

The Danish indoor evening/night limit for Loae in
dwellings of 20 dB (Ref. 18) does not apply o measwements
in single positions but to levels measured by the method
mentioned in Sec. I D, The method uses the power average
of measurements in three positions: one position near a cor-
ner of the room and two positions where the complainant

perceives the neise as being loudest. Assuming that the com-

plainant appoints such positions adeguately, the result of the
entire method—ithe power average with a corner position—

. will still be alevel close to the maximum.

It is not possible to find the maximum Lpys; 7 by simply
adding the one-third-octave-band levels from Fig. 11 or Fig.
12, since the varicus one-third-octave bands may have their
maximum in different areas of the room. However, 40 of
the 81 turbinefroom combinations of Fig. 12 exceed anm
A-weighied level of 20 dB for at Jeast one one-third-octave
band in the 10160 Hz frequency range, and it is reasonable
to believe that the total for that frequency range, Loave, will
exceed 20 dB for even more combinations.

1t should be mentioned that wind turbines have been
exempt from the general Danish guidelines for low-fre-
guency sound since 2006, when the regulation for wind tur-
bines was upda{sd."’g The argument was that indoor Lpair
will not exceed 20 4B, if the normal ontdoor limifs are com-
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plied with®® This may be trae for smaller turbines, but as
seen, the mdoor level may easily exceed 20 dB with large
turbines above 2 MW,

V. GENERAL BISCUSSIONS
A. Noise versus turbine size

The data material gives a useful overview of the sound
power emifted from wind turbines of different sizes, and,
with caution, it may be possible to use the dats to estimate
the apparent sound power level of fature, larger iurbines,
Figmre 13 repeats the data for Ly, from Fig. 1, now with an
extrapolation toward higher nominal electric power, and
data Tor the regression line inserted.

The regression line in Fig. 13 corresponds to the follow-
ing connection between the apparent sound power, Py, and
the nominal electric power, Pg!

Pa = constant, - (Pg/ INMW)Zr/1048 @

where slope is the slope of the regression line, and con-
stant; can be derived from the last term of the regression
line. Since the slope is 11.0 dB, the exponent is 1.10, mean-
ing that the apparent sound power increases more than pro-
portionally to the nominal electric power, Thus, to the
extent thal trbines fotlow the trend of the regression line, a
turbine of double size emits more than the double sound
POWEr.

The area A of the circle, within which a certain noise
limit is exceeded, is of particular intesest. The radius of the
circle can be found by solving Eq. (1) with respect to d, and,
if omitting the atmospheric absorption, which mainly has
effect at high frequencies and at long distances, it is found

- that the area is proportional to the apparent sound power. Af-

ter insertion of Eq. (2), it follows that
A = constants - P

- slopef 0B
= ¢constattts - Consiant] | ———— 3
s (12) ®

where constant, depends on the noise limit.

120

118

100

di re 1 pW¥

80 - =110 4B 0

gw(ncm. power/1 MW)+101.1 dB
F{2=O.5O§ I P - oL

1MW 10 MW 100 MW

Noming! elsciric power

80
100 KW

FIQ. 13, (Color online} Apparent soand powar Jovel (Lw,) as a function of
rarbine size, foor turbines below 450 kW excluded, wind speed 8 m/s, Lin-
ear regression tne, standard error of estimates (5.2.6.) 1.64 dB, Extrapolation
dashed, 90 % confidence intervals {dofed) based on s.e.e.
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Thus, at the segression line, the noise-occupied area
increases mete than proportionally to the nominal electrc
power. This is a remarkable result, when considering today’s
development with constantly increasing turbine sizes and
even. at least in Denmark, replacing many small mrbines
with few larger turbines. From a noise pollution point of
view, this seeimns as a step back. If the installed nominal elec-
tric power is the same, large nurbines affect a larger area
with noise than smail turbines do.

1t must be added that the slope of the regression line is
not significantly higher than 10 ¢B {90% confidence interval
9.53-12.40, p(siope <10 dB)=1{.133]. With a slope of i0
dB, the neiss-occupied arez is the same for small and large
turbines for the same instalied nomiral electric power.

8. Variation between turbines

The data in Fig. 13 are based on measwrements on single
turbines. In order to account for variations between different
samples of the same model, somewhat higher apparent sound
power levels should be used in project planning. According
to IEC TS 61400-14,%7 manufacturers should declare values
that are 1.645 tirres the standard deviation between turbines
higher than the mean of turbines of the given model. This
value corresponds to the upper limit of a 90% confidence
interval, meaning that the probability is 3% that a random
sample turbine of the actual modes! emits more noise than
reflected by the declared value. .

The size of this safery margin thus depends on the varia-

tion between turbines of the actus) model. The standard

deviations n Fig. 13 for turbines of the same size and make
range from 1.6 to 3.5 dB, when disregarding turbine sizes
that comprise repeated measnrements on one or more hur-
bines. Since the standard deviation must be multiphed by
1.643, the margin will typically be several decibels.

Broneske™ pointed out that manufacturers often declare
values that do nof have the safety margin specified in TBC
TS 61400-14. It is alse the present authors’ irmpression that
minimun distances to dwellings are often calculated from
noise data that lack ar appropriate safety margin. Using data
without safety margin, such as mean values for a given tur
bine model, measuremenis from a single mirbine, or “best
guess” for fature turbines, gives in principle a probability of
50% that the actual erected turbine(s) will emit more noise
than assumed, and that noise limits will be exceeded, if the
project is planned to the limit.

It is noted that small changes in apparent sound power
level may resalt in sizeable changes in distance require-
ments. As an example, for a single turbine, 3 dB higher
apparent scund power level resulis in a 41% higher distance
requirement,

C; Data from project WENDFARMpémeption

A study of visual and acoustic impact of wind turbines
on residents was carried out by van den Berg et al® As part
of the smdy (known as project WINDFARMperception),
measured spectra of apparent sound power from wind -
bines were collected. Sound power levels at 8 m/s for 28 tur-
bines with nominal electric power in the 80 kW3 MW
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range were selected for calenlations of sound pressure levels
at the neighbors. Only foor turbines are above 2 MW, but if
three 2-MW turbines are included in the group of large tur-
bines, it is possible to make a relevant comparison of large
and smali turbines. Figure 14 shows means of turbines < 2
MW and > 2 MW,

Algo with these data, the low-frequency part is clearly
higher for large turbines than for smmail. The level differences
at 63 and 125 Hz are statistically significant [r=(2.70,
—2.39), d.f. =(12.8, 16.9), one-sided p= (0.009, 0.01531.

The differences (3.6 and 2,2 dB) are in the same order
of magnitnde as the differences in the present investigation
(compare with Fig, 4),

A comparison with data of the present investigation con-
verted 10 octave bands shows very similar values in the two
investigations, see Fig. 15. Data from the two investigations
for the same power group are not significantly different at
any frequency. (There is no overlap in original data.)

0. Tonal components

Sgndergaard and Madsen™ conclude (1) that thé
“frequency spectra of the aerodynamic noise from the rotor
blades of the largest wind turbines does not deviate signifi-
cantly from the spectra for smaller wind turbines. This
means that for the aerodynamic noise the low freguency
range is not more prominent for large mrbines than for small
turbines,” (2) that the observed “slightly higher ..., relative
amount of low frequency noise . ... is mainly caused by gear
tones at frequencier below 200 Hz.” and (3) that this “is not
unusual for prototypes and usually the fully developed com-
mercial wind mrbines are improved on the noise emission,
especially concerning audible rones in the noise.”

However, these conclusions are not substantiaied by
adequate statistics or other data analyses. The separation of
aerodynamic noise and gear noise referred 1o is not
explained, and data are not given. Regarding the develop-
meni of noise from prototypes to commercial turbines, no

dB reLWA

Turhlr;es <2 MW

: ; : : : Turbinesz2 MW

i i 1 i i, 1 | £l I

315 63 135 280 500 tk 2k 4k 8k
Fraquency [Hz]

F1G. 14.. (Color online) Normalized A-weighted apparent sound power lev-
els in octave bands, means for two groups of furbines: < 2 and » 2 MW,
Data frore van den Berg ot al.,% Apperdix D, Eor bars indicate =] stand-
ard error of mean. (None of the large turbines was measired in the 31.5-Hz
octave band),
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FIG. 15. {Color online) Normalized A-weighted apparent sonnd power lev-
ols in sotave bands, means for two groups of turbines: < 2 and > 2 MW and
from two investigations: van den Berg ef al, (Ref. 69), Appenidiz D and pres-
ent investigation {converted to octave bands).

data or references are given, If the turbines of the present
project are considered, it is unclear, whether turbines 5-11
are prototypes or not, since the furbines are anonymous, and
the informations diverge between reporis, The original
repart™ only specifies mrbines 14 as prototypes, but a surm-
marizing report C refers to all the murbines above 2 MW as
prototypes. If turbines 5-11 are indeed prototypes, this
means that the third conclosion is made without data for
large commercial turbines. M, on the other hand, furbines
5-11 are comroercial turbines, it is worth neting that some
of these also have obvious one-third-octave-band peaks (Fig.
%), and that their noise emissions {(Lwa Or Lwars) are not
lower than those of twrbines 1-4, perhaps on the contrary
(Fig. 1. '

Regarding reduction of tonal noise, Sgndergaard and
Madsen refer 1o the tone penalty as a means to guarantec
that the tones are actaally reduced, before the turbines are
put on the market, and they use expressions like “rhe neces-
sary tone reduction””® and “... reduced to a level where
there is po penalty according to Danish rules.. ST They
have evidently ignored that the results of their tone analyses
will not release a tone penalty to any of the turbines (Sec.
1T A 3). .

A closer look at the data reveals that, even when some
of the one-third-octave-band peaks at low frequencies are
very distinct, the peaks are not in general responsible for the
difference between small and largs turbines. Figure 16
shows an imagined sitnation, where all peaks below 200 Hz
have been removed from the large trbines by replacing the
tevel at the peaks with levels obtained by linear interpolation
between the levels in the two adjacent one-third-octave
bands. One to three peaks have been removed for each tur-
bine, except for turbine 4, which does not have peaks in this
frequency range. Only removal of the 40-Hz peak of urbine
2 affects the mean of the large turbines by more than 1.0 4B,

Generally, the large turbines are still above the mean of
the small turbings in the low-frequency range. The difference
between the means of large (> 2 MW) and singll trbines
{< 2 MW) is still significant in the same one-fhird-octave
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- bands as they were with the peaks [63-160 Hz (unchanged
above 160 Hz): £ = (3.03, 3.59, 2.81, 2.83, 3.18). d.f. = (22.4,
23.6, 17.0,19.2, 18.9), one-sided p = (0.003, «<0.601, 0.006,
0.005, 0.003)]. '

The striking similarity with the spectra from van den
Berg et al.*® (Fig. 13) supports that the spectra for the large
turbines from the present project, including the tones, are
representative for wind turbines of such size.

E. Ground reflection

In the calculations of sound pressure levels at the neigh-
bors, the ground reflection is accounted for by adding 1.5 dB
to the direct sound. As mentioned in Sec. IIC, the 1.5-d3
vatue is used by Danish regulation® Swedish guidelines
ade 3 dB to the direct sound (for distances up to 1000 m),“
2 value that alse follows from ISO 9613-2 (Ref. 47) for the
lowest octave-frequency band mentioned, 63 Hz, irrespec-
tive of the ground sinface. During measurements of sound
emission from the turbines,*® it is assumed that the ground
reflection adds as much as 6 dB to the direct sound. Cer-
taiply, a reflecting bourd i3 used under the microphone, but
the board has only little effect at low frequencies, where the
assumed 6-dB reflection is due mainly to the ground itself,

Possible destructive interference between the direct
sound and the ground reflection due to elevation of the re-
ceiver above ground will have litile impact at low frequen-
cies. For example, for a source height of 75 m, a horizontal
distance of 800 m, and a receiver height of 1.5 m, the delay
between the direct sound and the ground reflection will only
be 0.8 ms, which corresponds to 2 first dip in the sound trans-
mission at 625 Hz.

On this background, it is reasonable to suspect that the
addition of 1.5 dB for the gromd reflection is too Jow at low
frequencies, and that higher values up to a theoretical maxi-
mum of 6 ¢B wonld be more appropriste, Thus, the procedwre
used to calculate outdoor sound pressure levels at the neigh-
bors is Hkely to underestimate the low-frequency sound.
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e i i : ; ; ; : : ; ;
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FIG, 16, Normalized A-weighted apparent sound power Jevels i one-third-
oetave bands. individual turbines > 2 MW and mean of 36 furbines < 2
MW, Peaks in oas-third-cotave bands below 200 Hz have beer removed
from the large turbines by replacing the levels at the peaks by levels
oblmined by linear interpolation between the levels at the two adjacent one-
third-netaye-band frequencies {mrbine color code as in Fig. 5}
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F. Windows

The messurements of sound insulation were made with
closed windows. However, in large parts of the world, many
peopte prefer to sleep with the windows at Jeast slightly
open, and WHO recomniends that noise limits should permit
this.*>? In Denmark, indoor measuwrements of low-fre-
quency noise are usuaily made with clesed windows, but if
the complainant finds that the notse is londer with open win-
dows, measurements should also be made for this sitnation,'®
Therefore, 1t would have been appropriale o measure the
insulation also with slightly open windows and to estimate
the resulting indoor sound pressure levels accordingly.

G. Estimated sound power spactra for even larger
turbines

In Sec. IIT A 2, the spectral difference between small
and large turbines was seen in ierms of differences n the
normalized apparent sound power levels for certain one-
third-octave bands. As an aliemative way, Fig, 17 shows the
mean normalized spectra of large and small turbines, but
with the data for small turbines shifted one third of an octave
down in frequency.

The two curves are very close in the muain freguency
range, meaniog that the spectrum has mainteined its shape
bat shifted about one third of an octave down in frequency
from the small to the large turbines (compare with Fig. 4),
Differences at the lowest frequencies may be real or be the
result of uncertainty due to high background noise at these
frequencies, a matier that is not fully expounded in the data
raterial.

For the reader who might think that a shift of a single
third octave is very modest, it is worth noting that it is the
same as the musical interval of & major third, tearly the dif-
ference between two adjacent strings on a goitar,

The logarithmic means of the nominal electric power of
the small and large turbines are around 630 kW and 2.6
MW, respeciively, thus the downward spectral shift of

aBrel, .

———+—— IMean smell shified

: : : : P ———— Meanlarge

i 1 1 L I 1 ] i

315 63 125 260 B0O 1k 2k 4k Bk
Fraquency [Hz]

1

FIG. 17. {Calor unline) Normalized apparent sound power levels in one-
third-octave bands. Menn of two groups of mrhines: < 2 and > 2 MW,
group of turbines < 2 MW shifted one third of an octave down in frequency.
{Turbine & disregarded above 2 kiz, see Sec. IHA 2)
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FIG. 18, (Color online) Sixth-order polvnomial regression (bold line) for
mean of normalized apparent sound power levels (dots and thin line} for the
turbines > 2 MW (Turbine 6 disregarded above 2 kHz, see Sec. TH A Z.)

approximately one third of an octave relates to an upward
shift of the nominal eleciric power by a factor i the order of
4. It would thus be appropriate to suggest a further down-
ward spectral shift of the same amount for future turbines in
the 10-MW range..

As a supplement 1o the linear regression and the extrap-
olation for Ly 4 in Fig. 13, estimated spectra have been con-
structed for wrbines around 2.5, 5, and 10 MW for possible
{and cautious) use in futwre projects, Figwre 18 shows a
sixth-order polynomial regression of the relative spectram
for the turbines of the present project above 2 MW,

Table OI gives relative one-third-octave-band levels for
2.5 MW turbines from the regression sad, for 5 and 10 MW
turbines, data shified one sixth and one third of an octave,
respectively, down in frequency. In addition, the table gives
estimated -absolute levels based on the linear regression of
Luga in Fig, 13, Note that the estimates are based on means
of turbines and that they do not include a safeiy margin as

. mentioned in Sec. IV B. -

The table values for the absolute level in one-third-
octave bands are shown in Fig. 19,

H. Atmospheric conditions

All previous calculations assume spherical sound propa-
gation, i.e., a 6 dB reduction of sound pressure level per dou-
bling of distance. During certain atmospheric conditions,
e.g., with temperature inversion or low-level jets, there may
be 2 sound reflecting laver in a certain beight, and thus the
propagation beyond a certain distance is more like cylindri-
cal propagation, which only gives 3 dB reduction per dou-
bling of distance. This wag observed for low freguencies,
e.g., by Hubbard and Shepherd ' and explained, e.g., by Zor-
umski and Willshire” and Johansson”* Above sea, Swedish
guidelines generally assume cylindrical propagation beyond
a distance of 200 m,” a distance supported by data by Bolin
et al.,” who showed reflection in 2 height in the order of
100-200 m. )

With cylindrical propagation beyond 200 m, the follow-
ing-equation applies (for distances above 200 m):

H. Mpller and C. 5. Pedersan: Low-frequency wind-turbine noise
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TABLE I, Hsfimated relative and absolate A-weighted souid power levels for torbines around 2.5, 5, and 10 MW based on sixth-order polynomial approxi-
mation of mean relative specirum for trbines above 2 MW from Fig. 18 and Ly, from linear regression of Fig. 13, Relative levels moved, respectively, 1/6
and 1/3 of an octave down for § and 10 MW tucbines. Approximalion edjusted by +0.38 dB to achieve a total relative specuum of 0 dB, which the mean of rel-
ative data {and its approximation) does not necessarily sum up to. Note that the estimates are based on means of furbines and thar they do not include 2 safety
margin as mentioned in Sec. TV B. :

Relative to Lwa Absolute
Frequency (Hz) 1/3-octave-band levels Octave-band jevels t/3-octave-band levels Octave-band Jevels
IEMW  SMW  I0MW  Z5MW  SMW  10MW  25MW sHMW  OMW  25MW  SMW UMW
25 . —374 —353 -332 68.1 7aa 789
35 —332 -31.1 26,0 -212 ~252 -233 723 T 33.1 78.3 #3.6 #8.8
L 48 —29.0 —27.0 ~233 765 818 86.8
3¢ ~25.3 ~23.6 -22.0 802 852 91
£3 ~220 205 -19.1 -187 - —153 —~14.0 83.5 88.3 930 588 93.5 08.1
80 —18.1 —17.% —168 86.4 31.0 953
- 1on ~16.8 -15.8 -~15.0 88.7 93.0 07.1
125 —-150 —142 —134 ~10.0 ~6.3 —8.6 9G.5 94.6 98.7 955 99.5 103.5
160 —134 -12.8 —123 923 96,0 99.8
200 —-123 —-11.9 -11.5 932 96.9 0.6
250 —1iL.3 -il.2 —1il0 —6.8 ~6.5 6.3 94.0 97.6 101.1 98.7 102.3 1058
3i5 -1140 -8 —10.6 945 8.0 1915
400 -107 106  —103 ‘ ' 04.9 982 1016
500 —10.5 —10.5 -10.5 -58 -5.8 -5.8 950 883 101.6 997 103.0 108.3
6390 ~10.3 ~10.6 -10.7 95.0 98.2 0.4
8500 —-10.7 -1{1.8 —-110 948 98.0 1011
1000 ~11.0 -1L3 —1i5 -8.3 —6.5 ~6.8 94.5 7.5 100.6 992 1023 1053
1250 -1135 -11.9 ~12.4 84,0 96.9 89,7
1600 -12.4 -129 —13.5 93.1 05.9 98.6
2000 —13.5 -143 —15.1 8.8 ] —-10.2 920 945 97.0 6.7 993 1019
2500 —i51 —160 —172 90.4 2.8 949
3150 -172 —18.4 —20.0 88.3 0.4 9z.1
4000 —20.06 -21.6 ~233 - 14.7 —16.1 -17.8 855 872 88.8 90.8 927 643
3000 —23.3 —253 —27.5 522 83.5 %4.6
6300 ~-27.5 —289 —328 78.0 78.9 743
8000 C =328 —35.6 ~38.5 —~26.1 —-28.7 -31.35 729 73,2 FEX) 79.4 80.1 80.6
10000 —38.5 —41.9 —452 7.0 66.9 66,9
La 1055 1088 1i21 105.5 weE 1121
200m d
LP = L\VA - 20dB- ]‘ogm (—,ﬁ'ﬁ“—> —10d4B- i(}gm (m)
—11dB—g-4+1.54dB. (4)

110 ; ; ; ; ; ; 7 ; Table IV and Fig. 20 show key fipures and sound pressure

: : i : : : : { : ievels in one-third-octave bands, respectively, at the distan-
ces Trom the turbines, where the A-welghted sound pressure
level has decreased to 35 dB, assuming cylindrical propaga-
tion beyond 200 m.

Much longer distances (1414-3482 m) are needed than
with pure spherical propagation, and the low-frequency char-
acter of the spectrum has become even more pronounced '
(compare with Table 1 and Fig. 9). Cylindrical propagation
may thus explain case stories, where rumbling of wind tur-

100 b

dBre 1 pW

g E——T-T Y bines is chaimed to be andible kilometers away. A wersl-case
R T D Sl i scenario combining temperature inversion with a wind park

5 : i ; I CM— j ; ; acting as a line source in a certain distance range could theo-
31.5 63 1256 250 500 1k 2k 4k Bk retically reduce the geometrical attenuation in that range 1o
Frequency [Hz] zera. However, more knowledge is needed about armos-

] . . . eric conditions and t surrence of vari ! A

FIG. 19. (Color online) Estimated A-weighied sound power levels ia one- Ph ndiions the oc:(\,umbn of various phgr_tomena.

 third-ostave bands for rurbines arovnd 2.5, §, and 10 MW. Values and Also other phenomena related fo the atmospheric condi-
assumptions are taken from Table TL tions deserve some attention. |t is normally assumed that the
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TABLE IV, Key figuyes at the distances. where the tota A-weighted sound pressure level is 39 0B, cylindrical propagation assned beyond 200 mu Distances
are given a; slant distance to rotor center, which. for actual turbine heights, is close to hatizental distanca. .

Turbine
1 Z 3 4 3 ' 6 7 8 9 Mean small
Distance {m) 1476 1414 2373 2100 1562 1826 1776 3482 3152 827
Loa (dB) 35.0 350 350 35.0 35.0 350 35.0 330 35.0 35.0
Lparr (0B) 29.7 282 303 20.2 29.4 30.7 30.6 29.7 29.6 256
LoyageL,a (dB} -53 ~6.8 -4.7 ~5.8 -5.8 —-43 -5.0 —5.3 -5.4 —5.4
Loz (AB) 640.4 36.2 57.1 50.40

wind speed increases logarithmically with increasing height
above ground, stasting from zero speed at a height equal to
the roughness lengih of the ground surface. Thus, knowing
the roughness length, the wind speed at all heights can be
determined from measurements in a single height, The wind
speed in a height of 10 m is used as a reference for measure-
ments of wind turbine noise.*®

However, several studies have shown that actual wind-
speed profiles vary a lof and often deviate substantially from
the assumed logarithmical profile.”®”" In a stable atmos-
pheze, which often exists at night, variations with height can
be much larger than assamed with high wind speed af turbins
height and little wind at groend. A large variation of wind
speed across the rofor area increases the modulation of the
turbine noise, and the normal “swish—swish” sound turns
into a more aunoying, “thumping,” impulsive sound as
reported by, e.g., van den Berg® ®® nd Palmer.® The
effect is more prominent with large wind wrbines, where the
difference in. wind speed between rotor top and bottom can
be substantial. The effect is usually not reflected in noise
measurements, which are mainly carried out in the daytime,
when the logarithmic profile is more cormmon,

Another consequence of large wind speed variation with
beight is that the rurbine may emit noise corresponding to a
high wind speed——and much higher than assumed from the
wind speed measured at 10 m—while it is afl quiet at the
ground. Thus, there is more turbine noise than expected and
less wind; hence, the turbine noise will not be masked with
natural wind-induced sound, as it might have been with the
assumed logarithmic wind profile.
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FIG. 20. A-weighted sonmd pressure levels in one-third-octzve hands at
the distances, where the total A-weighted sound pressure level is 35 dB (see
Table V). Cylindrical propsgation assumed from 200 m (furbine color code
as i Fig, 5)
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Several authors have argued that the logarithmic wind-
speed profile and the 10-m reference height are inadequate
with the size of modern turbines (e.g., Refs. 77, 78, 80, 833,
and a tevised IEC 61400-11 will use the acmal wind speed
in the turbine hub height as a reference.* Wind profiles and
statistics for the aciual plece can then be applied in noise
prediction and regulation.

V. CONCLUSIONS

The results confirm the hypothesis that the spectrum. of
wingd furbine noise moves down in fraquency with increasing
turbine size. The relafive amount of emitted low-frequency
noise is higher for large turbines (2.3-3.6 MW) than for
small turbines (< 2 MW). The difference is statistically sig-
nificant for one-third-octave bands in the freqguency Tange
63-250 Hz. The difference can also be expressed as a down-
ward shift of the spectrum of approximately one third of an
octave. A further shift of similar size is suggested for tur-
bines in the 10-MW range.

When outdoor sound pressure levels in relevant neigh-
bor distances are considerad, the higher low-fraquency con-
tent becomes even more pronounced. This is due to the air
absorption, which reduces the higher frequencies a lot more
than the lower frequencies. Even when A-weighted levels
are considered, a substantial part of the noise ix at low fre-
guencies, and for several of the investigated large turbines,
the one-third-octave band with the highest level is at or
below 250 He. It is thus beyond any doubt that the low-fre-
quency part of the spectrum plays an imporiant role in the
noise at the neighbors.

Indoor levels of low-frequency noise in neighbor distan-
ces very with torbine, sound insuladon of the room, and
position in the room. If the noise from the investigated large
turbines has an cutdoor A-weighted sound pressure level of
44 dB (the maximum of the Danish regulation for wind tur-
bines), there is a risk that a substantial part of the residents
will be annoyed by [ow-frequency noise even indoors. The
Danish evening/might limit of 20 dB for the A-weighted
noise in the 10-16C Hz range, which applies to industrial
noise (but not to wind tirbine noise), will be exceeded some-
where in many living rooms at the neighbors that are near
the 44 dB outdoor limit. Problems are much rednced with an
outdoor limit of 33 €8,

The twrbines do emit infrasound (sound below 20 Hz),
but Jevels are low when human sensitivity to these frequencies
15 accounied for. Even close 1o the murbines, the infrasonic
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sound pressure level is much below the normal hearing thresh-
old, and infrasound is thus not considered as a probiem with
turbines of the investigated size and constraction.

The low-freguency noise from several of the investigated
large turbines comyprises tones, presumably from the gearbox,
which result in peaks in the corresponding one-third-octave
bands. The tone penalty does not guarantee that the fones are
removed or reduced, since they are not sufficiently distinet to
release a penalfy at all. The spectral difference between large
and small tarbines remains stagistically significant, even if the
one-third-octave-band peaks are removed.

The above conclusions are based on data for turbines in
the range of 2.3-3.6 MW nominal electric power. It must be
anticipated that the problems with low-frequency noise will
increase with even larger turbines.

The emitted A-weighted sound power increases propor-
tionally fo the nominel electric power or likely even more.
Consequently, large turbines affect the same area—or possi-
bly even larger arcas—with noise, when compaved to small
tuzbines with the same total installed electric power.

There are differences of several decibels between the

‘noise emitted from different turbines of similar size, even for

turbines of the samme make and model. It is therefore not fea-
sible to make calculations down to fractions of a decibel and
believe that this helds for the turbines actually sct op. A
safety margin must be incorporated at the planning stage in
order 1o guaraniee that the actual erecled turbises will com-
ply with noise limdts. An international technical specification
exists for this, but it is often not used,

Under cerfain atmospheric conditions, ¢.g., temperaliure
inversion, the noise may be more annoying and-—in particu-
lar the low-frequency part—propagate much further than
usually assumed, More knowiedge is needed on such phe-
nomena and thelr occumences.
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